A novel amphipathic chitosan derivative, O-acetyl-chitosan acetic ester (ACHA), was synthesized by the reaction of chitosan with acetic acid in the presence of thionyl chloride. The physicochemical properties of ACHA were characterized by FTIR, 1 H NMR, TGA, and XRD. The yield (Y) of ACHA was 79.4%, and the degree of acetylation (DA) of ACHA was 1.04. Compared to CS, ACHA could be dissolved in many organic solvents, deionized water, and aqueous solution. Our results showed that ACHA exhibited a superior antibacterial activity against Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus. These findings indicated that ACHA was preferable for use as antimicrobial agents in wound healing, food preservative, and tissue engineering.
Introduction
Nowadays, antibacterial agents derived from natural substance have attracted enormous attention, due to their excellent antibacterial efficiency and favorable biocompatibility [1] . In addition to their own structural characteristics, the stability and durability of natural antibacterial agents are primary factors restricting their wide applications [2, 3] . Chitosan (CS), the second most abundant natural biopolymer, is derived from the chitin of crustacean or mushroom shells. As a representative natural antibacterial agent, CS has been widely used in the field of packaging, medical applications, pharmaceutics, biomedicine, biotechnology, and textiles [4, 5] . CS possesses a wide spectrum of activity [6] [7] [8] and a high killing rate against various bacteria, filamentous fungi, and yeasts [9] [10] [11] , which makes it as an ideal pretreatment material applied in textile dyeing, textile printing, textile processing, wool dyeing, and shrink proofing [12] [13] [14] [15] . However, its linear, rigid, and semicrystalline structure makes CS insoluble in aqueous solutions above pH~6.5 (pK a~6 .3) and organic solvents. The poor solubility of CS is considered as the major obstacle limiting its potential applications. Therefore, how to improve the solubility of CS while retaining its antibacterial activity is still the key problem needed to be resolved [16] .
To date, chemical modifications which are aimed at enhancing the solubility of CS, such as carboxymethylation and quaternisation, usually compromise the antibacterial activity and/or the safety of CS. For instance, carboxymethylated chitosan gained a much better water solubility, whereas its antibacterial activity as found to be reduced. Quaternisation modification increased both the solubility and antibacterial activity of CS; however, it also introduced potential cytotoxicity to the modified chitosan. Therefore, to improve water solubility, the antibacterial activity and biocompatibility simultaneously are key issues to be figured out for the chitosan-based natural antibacterial material [17] . Acylation of CS was found to be able to effectively improve the performance of antibacterial materials. In order to obtain the chitosan derivatives, researchers chemically functionalized CS through its hydroxyl groups. For example, the esterification of CS through the hydroxyl at C-6 position has been well studied and esterified CS exhibited several superior biological properties, such as nontoxicity, good solubility, and biocompatibility. Till now, there are two main methods to synthesize chitosan ester. One method is to synthesize chitosan ester from acid and CS with a powerful dehydrating agent as a catalyst at high temperature. The other one is to protect the amino group first, since it is more reactive than the other groups. Then, the amino-protecting group is removed after the esterification. Both of the two methods have advantages and disadvantages. The former one is easier, but the degree of substitution is usually very low. The latter one is more complex and difficult. Therefore, the esterification that can be conducted at room temperature with simplified experimental steps is still in urgent demand.
In this study, a novel chitosan derivative, O-acetyl-chitosan acetic ester (ACHA), was directly obtained by esterification of CS with acetic acid in the presence of sulfur dichloride at room temperature. This simple method requires benign reaction conditions and less reaction time. The chemical structure and physical properties of ACHA were characterized by FTIR, TGA, 1 H NMR, and XRD techniques. We have carefully studied its solubility in water, 1% acetic acid aqueous solution, and organic solvents at 25 ± 0.5°C as well as its antibacterial activities against Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and Pseudomonas aeruginosa (P. aeruginosa).
Experimental
2.1. Materials. CS (food-grade) was purchased from Huipu Biotechnology Co. Ltd. (Xi'an, China) and used as received without further purification. The molecular weight (MW) of CS was 400 kDa, and the degree of deacetylation (DD) was 90.5% [18] . Acetic acid, thionyl chloride, and all the other reagents (AR) used in the study were purchased from Haihui Chemical Reagent Company (Qingdao, China) with the analytical reagent grade. S. aureus, E. coli, and P. aeruginosa used for the antibacterial activity test were supplied by Microbiology Laboratory of College of Marine Life Science.
2.2. Synthesis of ACHA. ACHA was prepared by the reaction of CS with acetic acid in the presence of thionyl chloride. Briefly, 7 g of CS (40 mmol calculated as glucosamine units) was mixed thoroughly with 35 mL of pure acetic acid and sonicated at room temperature (53 kHz, 260 W) for 30 min. Then, 8.85 mL of thionyl chloride was slowly added into the above mixture by a dropping funnel under stirring at 25°C for 90 min, followed by precipitation in alcohol. The reaction mixture was filtered, dissolved in distilled water, dialyzed, concentrated, and spray-dried. Finally, the expected ACHA was obtained and stored in a vacuum dried at room temperature for further use.
The yield (Y) was gravimetrically determined by applying the following equations [19] . Fourier transform infrared spectroscopy (FTIR) was used to examine the peak variations of the hydroxyl groups and the amine groups before and after reaction (NEXUS-870, Nicolet Instrument Co., USA). About 2 mg of the sample was fully ground and mixed with 110 mg of KBr. All spectra were scanned against a blank KBr pellet background in the range of 4000-400 cm −1 with 2.0 cm −1 resolution. The FTIR spectra were normalized, and the major vibration bands were assigned to the main chemical groups.
The 1 H NMR spectra were obtained on a clear magnetic resonance spectrometer (AV400, Bruker, Germany). CS was dissolved in mixed solvents of DCl and D 2 O, and ACHA was dissolved in D 2 O. The degree of acetylation (DA) of ACHA was calculated from the peak areas in NMR spectra by an integral method.
Thermogravimetric Analysis (TGA)
. TGA of the samples was characterized by a Rubotherm DynTHERM thermogravimetric analyzer (Rubotherm Corp., Germany). Samples were heated from 50 to 500°C at a constant heating rate of 10°C/min under N 2 protection (20 mL/min) during the analysis.
X-Ray Diffraction (XRD)
. XRD patterns of the samples were recorded on a D-8 advance diffractometer (Bruker AXS, Germany) with a Cu Kα radiation (λ = 0 154 nm), operating at 40 kV and 40 mA. The diffraction data was collected at 2θ values from 5°to 60°, and the scanning rate was 4°/min.
Solubility Test.
The solubility of the samples was assessed by applying methods of Ma et al. [20] . The finely powdered samples (100 mg) were accurately weighed in a stoppered tube (16 mm in internal diameter and 160 mm long) and mixed with 0.1 mL of certain solvent, followed by treatment under high-intensity ultrasound (53 kHz, 260 W) for 3 h at 25 ± 0.5°C to afford a completely dissolved clear solution. The transparency of the solution was observed by UVvisible spectroscopy. Solubility was expressed as amount (mg) of the test sample dissolved in 1 mL of solvent.
The dissolution rates in distilled water and 1% acetic acid aqueous solution were studied in order to develop a comprehensive understanding of samples. The dissolution rates of CS and ACHA (500 mg) were detected, respectively, by dissolving the materials in distilled water and 1% (w/v, 50 mL) acetic acid aqueous solution with stirring under room temperature. The mixtures were stirred until a stable and clear solution was formed. Solubility test was performed in triplicate, and the results were processed using a statistical method.
Antimicrobial Test.
The antimicrobial activity was investigated using E. coli, P. aeruginosa (G−), and S. aureus (G+) as test microorganisms. E. coli and S. aureus were the representative strains in the nature used for the antibacterial susceptibility test, while P. aeruginosa was a common 2
International Journal of Polymer Science bacterium which could cause wound infection. A representative microbe colony was picked off with an inoculating needle, placed in 25 mL sterile nutrient broth, and then incubated in a shaker at a speed of 100 rpm at 37°C for 24 h. The bacterial suspension was then diluted with sterile physiological saline to 10 3 -10 4 CFU/mL and used for the antibacterial test [21, 22] .
The inhibition rates of CS and ACHA against E. coli, S. aureus, and P. aeruginosa were determined through the use of agar plates [1] . The main solution of CS and ACHA was prepared by dissolving the materials in 1% (w/v) acetic acid aqueous solution, respectively. The mixtures were stirred until a stable and clear solution was formed. The processed filter papers which were immersing in the above solution were put on agar plates covered with bacteria, and all the plates were incubated at 37°C for 24 h. The CS, ACHA, and acetic acid solutions with different concentrations were prepared by duplicate twofold serial dilutions and then sterilized by a 0.22 μm filter. The methods for preparing nutrient agar plates are described as follows: a homogeneous mixture of nutrient agar was prepared and sterilized by autoclaving at 121°C for 25 min. The sterilized solution (about 25 mL) was poured into sterile Petri dishes to form a solidified nutrient agar plate in a bacteria-free operating environment, followed by the addition of 100 μL of bacterial suspension and then 100 μL of the samples with different concentrations was also added. Both of them were spread uniformly by a sterilized SSspreader. In addition, the samples in the control group were replaced by sterile water. All the samples were plated in triplicate on agar plates, and all the plates were incubated at 37°C for 24 h. Then, the plates were taken out to count the colonies. The inhibition rate (IR) was calculated according to (2) , and the IR data were treated by a statistical method.
where N 1 is the number of colony on the plates with sterile water and N 2 is the number of colony after treating with the test materials and acetic acid aqueous solutions at different concentrations.
Results and Discussion
3.1. Characterizations. The photos and chemical structure of CS and ACHA are shown in Figure 1 . Different from the white CS, ACHA showed canary yellow. The synthesis procedure of ACHA is shown in Figure 1 . The yield (Y) of ACHA was calculated to be 79.4%.
In the FTIR spectrum of CS, the strong broad band at around 3200-3600 cm −1 should be attributed to stretching vibration of -OH and inter-and extramolecular hydrogen bonding of chitosan molecules (Figure 2 ). The characteristic peaks at 1658, 1597, 1318, 1072, and 1026 cm −1 should correspond to the amide I, amine II, and amide III absorption bands of CS and C-O stretching vibration in C 3 -OH and C 6 -OH, respectively. In comparison with CS, the absorption bands of ACHA moved from 1597 cm −1 (amide II) to 1527 cm H NMR spectrum of CS, the peak at 1.93 ppm can be assigned to the three protons of N-acetyl glucosamine and the peak at 3.18 ppm should correspond to the proton of glucosamine residues (H-2). The peaks from 3.25 to 4.00 ppm should be attributed to the nonanomeric protons (H-3, 4, 5, and 6), while a small peak at 4.66 ppm represents anomeric proton (H-1) of glucosamine residues and N-acetyl glucosamine, respectively. Compared with CS, the 1 H NMR spectrum of ACHA had a great difference. In the 1 H NMR spectrum of ACHA, the peaks from 3.25 to 4.00 ppm were reduced and signal at 1.93 ppm became stronger due to the presence of more acetyl hydrogen. The results indicated that ACHA was comprised of the ammonium group, the acetyl group, and the other framework. This result was consistent with those from the FTIR analysis.
The degree of acetylation (DA) of ACHA was defined as the number of the acetyl group linked to -OH per sugar residue of CS. It was calculated by an integral method of peak areas in the 1 H NMR spectrum of ACHA according to the following equation.
where H 1 is the integral of anomeric proton of CS (δ = 4 66 ppm), CH 3 is the integral of the acetyl hydrogen (δ = 1 93 ppm), and DD is the degree of deacetylation of CS (90.5%). By the calculation, the result of DA for ACHA was 1.04. The thermal stability of CS and ACHA was studied by TGA (Figure 4(a) ). Both CS and ACHA had two stages of weight loss, and the small weight loss at 100°C should correspond to the removal of volatile products and free water. Further thermal degradation not only resulted in dehydration and fragmentation of the saccharide rings but also led to depolymerization and decomposition of the side chain. For CS, the first stage at about 100°C exhibited 0.97% weight loss and a further maximum weight loss of 58.88% started at about 172°C (Figure 4(a) ). CS exhibited a high speed of decomposition between 271.92 and 330°C, reaching the maximum at 307.49°C with the peak width of 37.95°C (Figure 4(a) ). ACHA also showed two stages of weight loss as shown in Figure 4 (a). The first stage started at about 100°C revealed about 2.93% weight loss. The second stage started at about 150°C revealed about 66.47% weight loss. The high speed of decomposition existed between 198.91 and 230°C, reaching the maximum at 211.06°C with the peak width of 24.57°C. The results above showed that CS had better thermal stability than ACHA. In Figure 4 (b), the second stage of decomposition of CS and ACHA exhibited some differences. ACHA had a lower decomposition speed compared with CS. This phenomenon should be attributed to the lower decomposition temperature of ester and ionic bonds in ACHA than hydroxyl and amino groups in CS. The maximal temperature and peak width of ACHA became narrower which should be attributed to the different molecular structures, in which the new groups were introduced leading to the breakage of the hydrogen bond within CS. Furthermore, it was estimated that increasing the number of side chains might lower the decomposition temperature [20, 23] .
X-ray diffraction was used to study the crystalline properties of CS and ACHA. As shown in Figure 5 , the diffractogram of CS consisted of two major crystalline peaks located at around 10.8°and 20.2°. Compared with CS, the XRD of ACHA exhibited some changes in their diffraction angles, peak intensity, and peak width. For ACHA, the peak at 10.8°and 20.2°disappeared and a new peak at 24.7°was observed with increased intensity and width. It is well known that peak intensity and width in the XRD pattern are bound up with crystallite size [24] . The weaker and broader peak implied that there was more amorphous phase in the ACHA matrix and the crystallinity of ACHA was lower than that of CS. These results might be attributed to the combined effects of molecular interaction, symmetry, and stereoregularity. It is worth noting that the new introduced groups should link to CS backbones and its amino group by covalent binding and ionic bond, respectively. Besides, the new introduced groups might lead to the changes of symmetry and stereoregularity of CS. Therefore, their different crystallinities would inevitably induce different properties.
Solubility Test.
To evaluate the stability and solubility of the samples, CS and ACHA were dissolved in different solvents, respectively. As shown in Table 1 , the results showed that CS did not dissolve in normal solvents except International Journal of Polymer Science 1% (w/v) acetic acid aqueous solution. When CS was dissolved in acetic acid aqueous solution, the dissolution time was more than half an hour ( Figure 6 ). On the other hand, ACHA exhibited good solubility in deionized water (240 ± 5.33 mg/mL), 1% (w/v) acetic acid aqueous solution (220 ± 3.19 mg/mL) ( Table 1) , and 0.9% (w/v) normal saline (227 ± 4.23 mg/mL). Moreover, ACHA can also be dissolved in organic solvents such as ethanediol and isopropyl alcohol. ACHA exhibited a slightly higher solubility in deionized water than in other media, probably because the increased ionic strength led to the decreased solubility of ACHA. The introduction of acetyl groups into CS molecular skeleton effectively weakened the strong intra-and intermolecular hydrogen bonding interaction within esterified chitosan. The variation of crystallinity and interaction of chitosan resulted in the water solubility of its derivatives accordingly. Furthermore, the hydrophobic acetyl groups grafted onto CS through the 3,6′-OH hydrophilic groups affected the water solubility of chitosan making it amphipathic. When ACHA was dissolved in distilled water (Figure 6(a) ) and 1% acetic acid aqueous solution ( Figure 6(b) ), the dissolution time was only 6 minutes. All in all, there were large differences in the dissolution rate between CS and ACHA solutions in distilled water and 1% acetic acid aqueous solution.
3.3. Antibacterial Assays. Antibacterial capacities of CS and ACHA against E. coli and P. aeruginosa (Gram-negative bacteria) and S. aureus (Gram-positive bacteria) were evaluated at different concentrations for 24 h (Figure 7 and Tables 2-4 ). When the concentrations of CS and ACHA were both 1%, the inhibition zone test indicated that ACHA had more obvious inhibiting effects than CS on E. coli, P. aeruginosa, and S. aureus. And the antibacterial rates of ACHA towards E. coli and P. aeruginosa were both over 90%, while the inhibition rates of CS were, respectively, 83% and 88%, demonstrating that ACHA had satisfactory antibacterial activity compared with CS. So far, the specific antibacterial mechanism of CS [25, 26] and its derivatives still remains unclear. The most acceptable mechanism was mediated by the electrostatic forces between the protonated amino groups (-NH 3 + ) of CS and the electronegative charges on microbial cell surface and the inside of microbial cells.
This electrostatic interaction might have the following two influences: (i) the external influence by promoting Values represent mean ± S.D., n = 3. "-" means insoluble. Values represent mean ± S.D., n = 3. E. coli: Escherichia coli.
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International Journal of Polymer Science physiological derangements [27] . ACHA exerted the higher antibacterial activity than CS which might be due to the introduction of a large number of acetyl groups as the hydrophobic group into the chitosan backbone to endow ACHA with amphiphilicity. Meanwhile, the introduction of acetyl into the CS molecular skeleton resulted in effectively weaken inter-and extramolecular hydrogen bonding of CS molecules. Furthermore, the formation of the ester bond allowed ACHA to possess the higher hydrophobicity leading to the easier interaction with bacterial cells than chitosan. Therefore, ACHA could be more prone to enter into microorganisms and impair the structure and function of the microorganisms by destroying the cell walls and inhibiting the DNA transcription. Sun et al. [24] , Sajomsang et al. [28] , and Yang et al. [29] demonstrated that hydrophobic characteristic of CS was prone to the interaction between CS and bacterial cells. ACHA had higher hydrophobicity and was more prone to interact with bacterial cells than CS. This could explain why the antibacterial activity of ACHA was higher than the parent CS. Besides, CS and ACHA were more active against the Gram-positive bacteria than against the Gram-negative bacteria. This result was similar to that from Sajomsang et al. [30] . When the concentrations of CS and ACHA were both 0.25%, the inhibition rates against S. aureus were 93.4 and 97%, respectively; meanwhile, the corresponding inhibition rates against E. coli were 62.1 and 69.3% and those against P. aeruginosa were 63.1 and 73.3%, respectively. This might be attributed to the different structures of bacterial cell wall. The cell wall of Gram-positive bacteria is mainly composed of a porous network of peptidoglycan, crosslinking relatively loose, which makes the CS and ACHA access to the cell easily. However, the structure of the cell wall of Gram-negative bacteria is very complex, as there is an outer membrane constituted of lipopolysaccharide, lipoprotein, and phospholipids besides a thin peptidoglycan layer. The outer membrane can regulate and control the entrance of outside elements, which forms a potential barrier against the foreign molecules with high molecular weight. Therefore, CS and its derivative have different effects on the two kinds of bacteria.
Conclusions
O-Acetyl-chitosan acetic ester (ACHA), an amphiphilic chitosan derivative, was synthesized by using chitosan (CS) and acetic acid under the catalysis of sulfur dichloride, with the yield of 79.4%. FTIR and 1 H NMR spectra confirmed that the acetyl groups were selectively attached to the amino and hydroxyl groups of chitosan. The DA of ACHA was calculated to be 1.04. TGA and DTG studies revealed that ACHA and CS had similar thermal stabilities, while the decomposition speed of ACHA was lower than that of CS. XRD studies implied that acylation reaction might lead to the destruction of crystalline structure of CS, since there was more amorphous phase in the ACHA matrix than that in CS. ACHA exhibited much better solubility than CS in both distilled water and 1% (w/v) acetic acid aqueous solution, which was mainly related to the amphipathicity of ACHA. Additionally, ACHA not only exhibited higher antimicrobial activity than CS against E. coli, P. aeruginosa, and S. aureus but also expanded the pH spectrum of CS in different environments. All these results suggested that ACHA had potential to be applied as antimicrobial agents in wound healing, food preservative, and tissue engineering.
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